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-Recent epidemiologic studies report that regular exercise may be associated with substantial reductions in cancer-specific and all-cause mortality following a breast cancer diagnosis. The mechanisms underlying this relationship have not been identified. We investigated the effects of long-term voluntary wheel running on growth and progression using an animal model of human breast cancer. We also examined effects on the central features of tumor physiology, including markers of tumor blood perfusion/vascularization, hypoxia, angiogenesis, and metabolism. Athymic female mice fed a high-fat diet were orthotopically (direct into the mammary fat pad) implanted with human breast cancer cells (MDA-MB-231 at 1 ϫ 10 6 ) into the right dorsal mammary fat pad and randomly assigned (1:1) to voluntary wheel running (n ϭ 25) or a nonintervention (sedentary) control group (n ϭ 25). Tumor volume was measured every three days using digital calipers. All experimental animals were killed when tumor volume reached Ն1,500 mm 3 . Kaplan-Meier (KM) analysis indicated that tumor growth (survival) was comparable between the experimental groups (exercise 44 days vs. control 48 days; KM proportional hazard ratio ϭ 1.41, 95% confidence interval, 0.77-2.58, P ϭ 0.14). However, tumors from exercising animals had significantly improved blood perfusion/vascularization relative to the sedentary control group (P Ͻ 0.05). Histological analyses indicated that intratumoral hypoxia levels (as assessed by hypoxia-inducible factor 1) were significantly higher in the exercise group relative to sedentary control (P Ͻ 0.05). Aerobic exercise can significantly increase intratumoral vascularization, leading to "normalization" of the tissue microenvironment in human breast tumors. Such findings may have important implications for inhibiting tumor metastasis and improving the efficacy of conventional cancer therapies.
survival; orthotopic; physical activity; carcinogenesis INVESTIGATION into the role of physical activity and exercise across the entire cancer continuum (i.e., prevention to survivorship) has been the subject of considerable research and clinical interest over the past several decades. Initial studies focused on the association between physical activity and the primary risk of common forms of cancer. There is now a wealth of evidence suggesting that regular moderate-intensity physical activity is associated with reduced risk of several forms of cancer, including breast, colon, and endometrial (7, 9, 12) . Based on this evidence, several large-scale randomized trials were launched and demonstrated that structured exercise training can significantly change biomarkers of cancer risk among individuals at high risk of breast or colon cancer (4, 13) .
More recently, several research groups have started to investigate the role of exercise following a cancer diagnosis either during or following the cessation of systemic (e.g., chemotherapy) and locoregional (e.g., radiation) therapy. Systematic reviews conclude that exercise is a safe and feasible supportive intervention associated with significant improvements in patient-reported outcomes (e.g., quality of life, fatigue) as well as physiological outcomes (exercise tolerance, muscle strength) in cancer populations (3, 21) . Moreover, several landmark epidemiologic studies have provided the first evidence that regular moderate-intensity exercise is associated with a 30 -50% reduction in the risk of cancer-specific mortality and all-cause mortality following a diagnosis of early breast or colorectal cancer (14, 16, 28) . As such, elucidation of the molecular mechanisms underlying this association is of paramount importance to optimize the safety and efficacy of exercise in cancer control.
To this end, several preclinical studies have investigated the effects of exercise, alone or in combination with caloric restriction, on the mechanisms that influence the induction, initiation, and growth of experimentally induced cancer (10, 18 -20, 35, 39) . Such experimental data, however, are only applicable to the early stages of tumorigenesis (i.e., primary risk of cancer) and are likely not appropriate for deciphering the effects of exercise in a postdiagnosis setting. Indeed, advanced stages of tumorigenesis (clinically detectable disease) is controlled by a unique set of gene regulation pathways involving acquired capabilities such as sustained angiogenesis, tissue invasion, and metastatic dissemination to distant sites in the body (11) . It follows logically that the mechanistic properties of exercise on tumor biology and progression are likely different in the pre-vs. postdiagnosis setting.
To date, few studies have investigated the effects of exercise in a postdiagnosis animal model of carcinogenesis involving the initiation of exercise following establishment of primary tumor growth or metastatic disease. Most, but not all, report that exercise is associated with inhibition of primary tumor growth and a decrease in metastatic dissemination (25, 26, 32, 36, 40) . However, the majority of studies investigated either the effects of short-term (Ͻ14 days) exercise, adopting forced exercise paradigms (e.g., treadmill running), on primary growth and/or dissemination of tumor cells artificially implanted outside the organ of origin (i.e., subcutaneous or tail-vein injection of tumor cells), which may not be clinically relevant. Here, we extend prior work by investigating the effects of moderate to long-term (6 wk) voluntary wheel running on growth and progression using an orthotopic model of human breast cancer. Specifically, human breast cancer cells were implanted directly into the mammary fat pad of recipient animals fed a high-fat diet, and exercise was only initiated after tumor establishment. In addition, we also examined effects on the central features of tumor physiology, including markers of tumor blood perfusion/vascularization, hypoxia, angiogenesis, and metabolism. We hypothesized that exercise would inhibit breast cancer growth and progression.
EXPERIMENTAL PROCEDURES
Animals. Fifty athymic homozygous female mice (3-4 wk of age; mean body weight, 19 Ϯ 1.3 g) were obtained from the Duke Cancer Center Isolation Facility (Durham, NC). Aythmic mice have compromised immune function; immune deficit mice are required to study tumorigenicity of human cancer cells in a murine model. All mice were housed individually and fed a Western diet (40% fat, 44% carbohydrate, 16% protein; TestDiet, Indianopolis, IN) to reflect the typical dietary intake of women with breast cancer for the study duration (ϳ6 wk). The diet was freshly prepared weekly to prevent the fat from becoming rancid. Food levels were monitored daily and provided ad libitum as required. Animal food consumption was not monitored. Animal care was approved and in accordance with the Institutional Animal Care and Use Guidelines at Duke University Medical Center.
Cell culture. The human mammary adenocarcinoma cell line MDA-MB-231 was purchased from American Type Culture Collection (Rockville, MD). Cells were grown in 5% CO 2 at 37°C and harvested by trypsinization at 70 -80% confluence in log phase growth on the day of tumor injection.
Study procedures. On day 0, all experimental animals were injected orthotopically into the right dorsal mammary fat pad with MDA-MB-231 (1 ϫ 10 6 ) in suspension. Two days following tumor implantation, all animals were randomly assigned (1:1) to exercise (n ϭ 25) or a nonintervention (sedentary) control group (n ϭ 25).
Exercise protocol. The exercise modality in this experiment was voluntary wheel running as opposed to forced exercise paradigms such as treadmill running. Voluntary wheel running, as opposed to forced exercise paradigms, in our opinion, may be more reflective of normal as well as individual exercise behavior of mice; is less stressful; and a higher and more variable dose of exercise can be investigated. Murine voluntary wheel running is characterized by intermittent exercise performed for relatively short time periods at high speed, against a low load, throughout the entire dark cycle. Previous work has reported that voluntary wheel running is associated with significant improvements in exercise tolerance (i.e., time to exhaustion and peak oxygen consumption) as well as histological improvements in skeletal muscle enzyme activity (e.g., citrate synthase) (8) .
Animals randomized to exercise were given voluntary access to a wheel measuring 11.5 cm in diameter, with wheel revolutions monitored continuously by magnetic sensor using the VitalView data acquisition program (Respironics, Murrysville, PA). Mice randomized to the control group were housed individually in cages without wheels.
Assessment of tumor volume. Tumor volume was measured every 3 days using digital calipers. Tumor volume was measured in two orthogonal dimensions. The greatest dimension of the tumor was recorded as tumor length, with the other dimension (at a 90°angle) recorded as width. Tumor volume was calculated as /6 ϫ width ϫ length 2 , which is a standard formula for calculating tumor volume in mouse models of breast cancer.
Necropsy. All experimental animals were killed when tumor volume reached 1,500 mm 3 as required by institutional guidelines.
Before death, all animals were given Hoechst 33342 (20 mg/ml, 100 l iv) and anesthetized with pentobarbital (75 mg/kg). Tumors were excised, weighed, and snap-frozen in liquid nitrogen and stored at Ϫ80°C. Histological analysis was only performed on tumors obtained from the 10 animals recording the highest mean exercise running distance and 10 random control animals. We choose to only conduct histological analysis on the top 10 "runners" because these animals received the highest exercise "dose" and thus provided the optimal examination of the effects of exercise on breast cancer tumorigenesis in the present context. Immunohistochemistry. Hematoxylin and eosin (H and E) staining was used for identification of tissue architecture, including viable and necrotic tumor tissue. Blood vessels were identified with CD31 staining using a rat-anti-mouse primary antibody (BD no. 550274) with Cy2-conjugated donkey-anti-rat secondary antibody (Jackson Immunoresearch no. 712-225-153). Next, this slide was then also imaged for perfused blood vessels shown with Hoechst given before death. Hypoxia was identified using an immunohistochemistry for the endogenous protein marker, carbonic anhydrase isoform IX (CAIX), as previously described (5).
Western blotting. Homogenized tumors from both groups were analyzed using commercially available ELISAs for content of VEGF (R&D Systems, kit DVE00) and hypoxia-inducible factor (HIF)-1, (Panomics, Fremont, CA), whereas Western blotting was used to assess AMP-activated protein kinase (AMPK) and peroxisome proliferator-activated receptor-␥ coactivator (PGC)-1␣ (Santa Cruz Biotechnology, Santa Cruz, CA) as previously described (38) .
Assessment of tumor energy status (metabolism).
The energy status of the tumor was measured using bioluminescence for ATP as described previously (31) . In brief, bioluminescence enzymatic reaction was conducted with a temperature-controlled, black box-encased fluorescence microscope using a cooled 16-bit CCD camera with photon-counting capability. Tissue sections were brought into contact with reaction solution for ATP, and light emission from the enzymatic activity of the luciferase reporter was detected and quantified to ATP concentration based on previous calibration (30) .
Image analysis. Necrotic fraction, defined as the necrotic area (pixels) divided by the total tumor area, was assessed using H and E images. Actively perfused vessels were assessed via the presence of Hoechst staining. Perfused (Hoechst positive) blood vessels were counted manually, and the percent perfused area was calculated using individual region of interest for each vessel divided by the viable and/or total tumor area. Previous work by our laboratory (33) found that viable tumor tissue, as opposed to perinecrotic tumor tissue, is more sensitive to chemotherapy and radiotherapy. Thus whether the effects of exercise on markers of tumor physiology were different for viable vs. total tumor tissue was similarly of great interest. The area of positive threshold CD31 expression divided by the viable and/or total tumor area yielded percent vessel area of the tissue. CAIX and HIF-1 expression were assessed in an identical manner and reported as percentage of viable and/or total tumor area. All images were processed using identical methods by personnel blinded to group assignment.
Statistical analysis. Tumor growth and survival curves were analyzed using the Kaplan-Meier (KM). All immunohistochemistry/ protein results were initially analyzed with Shapiro-Wilk for normality (values with P Ͻ 0.05 were significant for nonnormal distribution). Those that were nonnormally distributed were compared between experimental groups using nonparametric Mann-Whitney tests. Normally distributed results were compared with Student t-test (33) . Two-tailed tests were used for the analysis with a P Ͻ 0.05 considered significant. the course of the experiment in both groups (P Ͻ 0.05) but with no differences between groups.
Effect on tumor growth and survival. The median tumor volume of 1,500 mm 3 was reached 44 Ϯ 3 days after randomization in the exercise group. At this point, the median tumor volume in the sedentary (nonexercise) group was 1,186 mm 3 ( Fig. 1) . KM analysis indicated no significant survival differences between the experimental groups [exercise 44 days vs. control 48 days; KM proportional hazard ratio ϭ 1.41, 95% confidence interval (CI), 0.77-2.58, P ϭ 0.14; Fig. 1 ]. KM analysis indicated no statistical difference in tumor growth (survival) between animals selected for histological analysis (46 vs. 48 days; KM proportional hazard ratio ϭ 1.62, 95% CI 0.59 -4.39, P ϭ 0.62).
Effect on intratumoral blood perfusion/vascularization and necrosis. Mean number of perfused vessels was significantly higher in the exercise group compared with sedentary control counterparts when based on the viable tumor (P ϭ 0.023) and normalized to total tumor volume (P ϭ 0.03; Fig. 2A ). The percentage of perfused area of total tumor was 7.4% in the exercise group compared with 3.0% in the sedentary control group (P ϭ 0.034; Fig. 2B ). A similar trend was observed in the perfused area of viable tumor but was nonsignificant (Fig.  2B ). There were no differences for proteins levels of CD-31 (22.9 Ϯ 4.0 for the exercise group vs. 18.9 Ϯ 3.0 for the sedentary control group, P ϭ 0.66) or tumor necrosis (58 Ϯ 5% for the exercise group vs. 57 Ϯ 7% for the sedentary control group, P ϭ 0.89) between groups.
Effect on intratumoral angiogenesis (VEGF) and hypoxia (HIF-1, CAIX).
Protein levels of HIF-1 were significantly higher in the exercise group compared with sedentary control counterparts when normalized to viable tumor volume (11.4 Ϯ 4.0% vs. 5.4% Ϯ 2.0%, respectively, P ϭ 0.02; Fig. 3 ) but not when based on total tumor (4.2 Ϯ 1.3% vs. 2.1 Ϯ 1.3%, respectively, P ϭ 0,16; Fig. 3 ). The percent stained area for CAIX was not significantly different between experimental groups. Similarly, protein levels of VEGF, as measured by ELISA, were not significantly different between groups (47.0 Ϯ 6.0 pg/ml for the exercise group vs. 48.6 Ϯ 8.8 pg/ml for the sedentary control group, P ϭ 0.86). There was, however, a significant correlation between protein levels of VEGF and the total number of perfused blood vessels in the exercise group (r ϭ 0.64, P ϭ Ͻ0.01) but not the sedentary control group (r ϭ 0.17, P ϭ 0.27).
Effect on tumor energy status (metabolism). There were no significant differences in protein level of ATP concentration in viable tumor (0.14 Ϯ 0.25 mmol/g for the exercise group vs. 0.18 Ϯ 0.16 mmol/g for the sedentary control group, P ϭ 0.21) or when normalized to total tumor volume (0.42 Ϯ 0.53 mmol/g for the exercise group vs. 0.34 Ϯ 0.28 mmol/g for the sedentary control group, P ϭ 0.97). Similarly, intratumoral protein levels of PGC-1␣ and AMPK, when normalized both to ␤-actin and viable tumor, were not significantly different between experimental groups (P ϭ 0.66 and P ϭ 0.78, respectively).
DISCUSSION
Recent epidemiological studies have provided the first evidence that regular exercise may be strongly inversely associated with mortality following a breast cancer diagnosis (14 -16) . However, the molecular mechanisms underlying this association have not been elucidated. As an initial step, we investigated the effects of voluntary wheel running on tumor growth (survival), as well as key features of tumor physiology, using a model of human breast cancer.
In contrast to existing clinical epidemiological data, we found breast tumors grew at comparable rates in exercising and sedentary animals. These results are also in contrast with several preclinical investigations reporting that exercise significantly inhibits tumor growth and metastatic dissemination in human and murine models of cancer (25, 26, 40) . For example, Zielinski et al. (40) found that high-intensity forced daily treadmill running performed for 14 days significantly delayed lymphoma tumor growth relative to sedentary controls. Nevertheless, not all preclinical studies have reported an inverse association between exercise and tumor growth. Woods et al. (36) reported no significant differences in breast cancer tumor growth among mice randomized to 14 days of moderateintensity or high-intensity treadmill running, relative to sedentary control. The reasons for the contrasting findings are not clear but are likely explained by differences in the tumor model (breast vs. other cancer types), exercise paradigm (forced vs. voluntary exercise) and stimulus (short-term vs. long-term training), site of tumor implantation (orthotopic vs. subcutaneous), and dietary background (high-fat vs. low-fat diet). In terms of the latter, it is not clear whether similar findings would be observed among animals receiving a normal chow diet (i.e., low-fat diet) since we did not control for this variable in the present study. Clearly, further research elucidating the effects and underlying molecular mechanisms of exercise in postdiagnosis models of cancer is required.
An intriguing finding in our study was that exercise significantly increased intratumoral perfusion/vascularization and hypoxia relative to sedentary control counterparts. It is wellestablished that the tumor microenvironment plays a pivotal role in solid tumor progression and metastatic dissemination (37) . Investigating the interaction between exercise and the tissue environment that supports tumor cells may therefore provide insight into the exercise-tumorigenesis relationship. To our knowledge, only one other study has examined the effects of exercise on the tumor microenvironment. As described previously, Zielinski et al. (40) evaluated intratumoral levels of von Willebrand factor VIII, a marker of tumor vascularization (blood-vessel density) in mice implanted with lymphoma. In contrast to our findings, exercise significantly reduced intratumoral vascularization. The authors speculated that exerciseinduced reductions in VEGF may have mediated this effect, which, in turn, led to a reduction in tumor angiogenesis (development of new blood vessels) and ultimately tumor growth inhibition. Such an explanation seems reasonable; however, an exercise-induced reduction in intratumoral vascularization could augment rather than inhibit tumor growth over the long-term.
It is well established that solid tumors have "abnormal" blood vessels that impair blood perfusion, the delivery of oxygen, and removal of by-products of glycolysis. The resultant hypoxic microenvironment promotes an aggressive tumor phenotype characterized by invasion and metastasis (17) . As such, strategies that can "normalize" the tumor microenvironment (i.e., increase tumor perfusion) may reverse this phenotype and inhibit metastasis. In support of this notion, Mazzone et al. (27) reported that normalization of the tumor endothelial layer [via heterogeneous deficiency of oxygen-sensing prolyl hydroxylase (PHD)] improved oxygenation and reduced glycolysis, leading to inhibition of distant metastases in animal models of lung cancer and melanoma. Against this background, an exciting speculation is that exercise may induce similar tumor "normalizing" effects and inhibit metastasis. Unfortunately, we did not evaluate the extent or incidence of metastases in this study.
It is also noteworthy that the abnormal vasculature and resulting hypoxia also pose a formidable barrier to the delivery and efficacy of systemic (e.g., chemotherapy) and locoregional (i.e., radiotherapy) anticancer therapies (29) . As such, the application of exercise to improve the therapeutic index of these treatments (i.e., a therapy sensitizer) may also be plausible. In an initial study, we found that tumor growth (survival) was comparable between mice bearing human breast cancer xenografts receiving exercise in combination with doxorubicin (a common chemotherapeutic agent) or doxorubicin alone (22) . Although these results do not support our hypothesis, this study had several cautionary limitations (e.g., use of forced exercise, subcutaneous tumor implantation, no tumor histological analysis) and is by no means conclusive. Investigation of the effects of exercise on primary tumor growth, metastasis, and response to anticancer therapies is the subject of ongoing investigation in our laboratory.
The molecular mechanisms underlying the effects of exercise on tumorigenesis remain to be elucidated. Chronic aerobic training causes favorable adaptations in the organ components that govern cardiorespiratory fitness (i.e., cardiac-pulmonaryvasculature-skeletal muscle axis). These adaptations are mediated by changes in numerous gene-expression pathways across multiple different systems, including metabolism, immune surveillance, and inflammation, etc. Of relevance to this experiment, exercise also improves the negative consequences associated with a high-fat diet (i.e., insulin resistance, weight gain, etc.). Together, these adaptations, in turn, induce favorable systemic (whole body) changes in the host (2) . Given that the organ location of most malignancies, other than lung cancer and possibly sarcomas, are not directly involved in the exercise response, it appears reasonable to suggest that these systemic (secondary) effects are primarily responsible for our observed effects of exercise-induced increases in intratumoral vascularization. For example, exercise is a major modulator of whole body (systemic) metabolism. The skeletal muscle accounts for ϳ80% of glucose disposal under insulin-stimulated conditions while glucose uptake can increase 20-to 100-fold during exercise (34) . As a consequence, exercise causes significant changes in metabolic hormone concentrations (e.g., insulin, insulin-like growth factors), which, in turn, would be expected to preferentially influence growth of tumor cells that that are highly reliant on glycolysis (23) . A whole body change in substrate availability may either inhibit tumor growth or paradoxically indirectly stimulate a metabolic and/or angiogenic switch in tumor cells because of exercise-induced tumor "metabolic energy crises," leading to increased expression of VEGF and increased vascularization.
In concert with changes in metabolism, exercise is also a potent modulator of systemic angiogenesis. Muscle cells are exquisitely sensitive to changes in whole body and intracellular O 2 availability. During strenuous exercise, O 2 delivery may be unable to meet mitochondrial O 2 demand. The mismatch activates several highly preserved adaptive gene pathways, including a potent angiogenic response centrally mediated via VEGF which acts locally to augment the pathways for O 2 delivery (1). Of relevance, VEGF is also released systemically from skeletal muscle, as well as from the vascular endothelium via shear stress, where it exerts further effects, including the mobilization of bone marrow-derived cells (24) . These responses significantly contribute to the cardiovascular benefits of exercise but could, in theory, also contribute to pathological tumor angiogenesis (6) and our observed improvements in intratumoral perfusion/vascularization. The significant correlation between intratumoral VEGF levels and blood perfusion in the exercise group but not the sedentary control group partially supports this notion. Unfortunately, we did not assess changes in systemic metabolic hormones or angiogenic factors in this study. Such measurements should be included in future studies. Clearly, the molecular mechanisms underlying the exercisetumor-genesis relationship are complex, and proposed explanations remain speculative.
In summary, aerobic exercise can significantly increase intratumoral vascularization, leading to "normalization" of the tissue microenvironment in human breast xenografts implanted in animals fed a high-fat diet. Although the underlying molecular mechanisms are not known, such findings may have important implications for inhibiting tumor metastasis and improving the efficacy of conventional cancer therapies. Mechanistically based preclinical research is now required to gain further understanding of the effects and underlying molecular mechanisms of exercise on tumor-genesis as well as the interaction with anticancer therapy to guide hypothesis-driven clinical trials.
